Interactions between the surfaces of alkaline earth fluorides (CaF 2 , SrF 2 and BaF 2 ) and water molecules were investigated by calorimetric and spectroscopic methods. The exposed surfaces of the alkaline earth fluoride samples, with which the (100) crystalline plane is mainly associated, were found to be fully covered with strongly adsorbed water molecules, resulting in characteristic IR bands at 3684, 2561, 1947 and 1000 cm −1 , respectively. This surface was homogeneous towards further water adsorption. The strongly adsorbed water molecules were almost completely desorbed from the surface on evacuating the sample up to 473 K.
INTRODUCTION
Alkaline earth fluorides are widely recognized as interesting materials in the industrial field, having drawn especially wide attention in recent years as insulators for constructing three-dimensional integrated circuits (Archer et al. 1983; Bannon and Curnow 1948; Bannon and Coogan 1949; Ishihara and Asano 1982; Fathauer and Schowalter 1984; Saiki et al. 1987; Olmstead et al. 1987; Batstone et al. 1988) . Although MF 2 (M = Ca, Sr, Ba) samples have a poor solubility in water, *Author to whom all correspondence should be addressed. E-mail: mnagao@cc.okayama-u.ac.jp. interaction of water with the solid surfaces of such samples should not be overlooked. This is both because water is omnipresent on Earth and the fact that the electronegativity of fluorine is the largest amongst all the elements (de Boer and Dippel 1934; Bontinck 1958) . In fact, we have found that water molecules are strongly adsorbed onto MF 2 to yield a surface which is stable towards further incoming water molecules.
This stable surface exhibits such peculiar adsorption properties that a distinct step appears in the water vapour adsorption isotherm Kuroda et al. 1988 Kuroda et al. , 1993 , as in the cases of some kinds of metal oxide/water systems where two-dimensional condensation of water molecules occurs due to their lateral interaction on the homogeneous solid surface. As a result, the surface exhibits a characteristic structural feature which minimizes any interaction between the surface and further incoming water molecules (Nagao 1971; Nagao et al. 1995; Morimoto and Nagao 1974; Kittaka et al. 1981 ; Kuroda and Morimoto 1988) . If discussion is limited to the MF 2 /water system, it is important to point out that strongly adsorbed water molecules play a significant role in the two-dimensional condensation of physisorbed water. Hence, the interaction of alkaline earth fluorides with water molecules is of great importance in the evaluation of the surface properties of these solid materials.
The heat of adsorption provides useful information on the interaction between adsorbed molecules and a solid surface, with the heat of immersion method being most suitable for determining the heat of adsorption (Zettlemoyer et al. 1972 ). In addition, spectroscopic methods can provide some further information about the state of the adsorbed species. Thus, by combining these two techniques, it should be possible to elucidate the interaction between alkaline earth fluoride surfaces and water molecules in greater detail. Consequently, the present study has been devoted to a study of the interaction between alkaline earth fluoride surfaces and water molecules by calorimetric (heat of immersion) and spectroscopic (infrared) methods.
EXPERIMENTAL

Materials and chemicals
Calcium fluoride (CaF 2 ), strontium fluoride (SrF 2 ) and barium fluoride (BaF 2 ) samples were prepared through precipitation by mixing two aqueous solutions of M(NO 3 ) 2 (M = Ca, Sr, Ba) and NH 4 F, as described previously Kuroda et al. 1988 Kuroda et al. , 1993 Kuroda and Morimoto 1988) . The precipitates thus obtained were washed thoroughly with distilled water. The MF 2 samples were pretreated at various temperatures for 4 h under a reduced pressure of 1.3 mPa. The redistilled water used as an adsorbate was further purified by repetitive freeze-pump-thaw cycles in the adsorption apparatus. Highly pure argon (Ar) was supplied by Taiyo-nissan Co. while nitrogen was prepared by the evaporation of liquid N 2 .
Adsorption procedure
Adsorption measurements were carried out using a conventional volumetric apparatus whose details have been described elsewhere (Nagao 1971; Morimoto et al. 1968 Morimoto et al. , 1969 . Nitrogen adsorption isotherms were obtained at 77 K, while the specific surface areas of the MF 2 samples after pretreatment at various temperatures were determined by applying the BET equation assuming the cross-sectional area of the N 2 molecule to be 0.162 nm 2 . In this way, the specific surface areas of the MF 2 samples evacuated at 300 K were determined as 78.1 m 2 /g (CaF 2 ), 35.6 m 2 /g (SrF 2 ) and 2.40 m 2 /g (BaF 2 ), respectively. The water adsorption isotherm was obtained at 283 K for the sample evacuated at 298 K. The adsorption isotherms of Ar onto the alkaline earth fluorides were determined at 77 K using samples pretreated at 298, 423, 773 and 873 K, respectively.
Heats of immersion
The heats of immersion in water for the MF 2 samples were measured at 301 K using a home-made adiabatic calorimeter fitted with a thermistor as a temperature-sensing element (Zettlemoyer et al. 1972; Morimoto et al. 1964 Morimoto et al. , 1969 . The samples were pretreated at various temperatures and then sealed in vacuo in an ampoule.
IR spectra
For measurements of IR spectra, a self-supporting disc (10 mm diameter) prepared by compressing the respective MF 2 samples was mounted in an in-situ cell fitted with KRS-5 windows. The sample was treated at 300, 373, 423, 473, 773 or 873 K for 2 h under a reduced pressure of 1.3 mPa. The spectra were recorded at 300 K on a Mattson 3020 spectrophotometer fitted with a TGS detector using an in-situ cell and employing a nominal resolution of 4 cm −1 in the transmission mode.
Water content
The water content of the samples was determined using the successive ignition-loss method (Morimoto and Naono 1973) for samples pretreated at 298 K. After heat treatment at 1073 K, the water content was assumed to be zero. Figure 1 shows the IR spectra for MF 2 samples pretreated at 300 K. Characteristic absorption bands are observed at 3684, 2561, 1947 and 1000 cm −1 for the SrF 2 sample together with a band due to the bending mode of adsorbed water molecules. Previous work ) has shown that the exposed surface of this sample is mainly composed of the (100) plane of the SrF 2 crystal. Thus, the above-mentioned specific bands may be assigned to water molecules adsorbed on the (100) surface of SrF 2 , the first band being associated with the stretching vibration of the free hydroxy groups of adsorbed water, the second with the species H-bonded to fluoride ions on the surface, the third to a combination or an overtone of the lower frequency bands and the last to the out-of-plane bending mode of the OH … F − species. Similar absorption bands were observed for both CaF 2 and BaF 2 samples, though their intensities were different. These facts suggest that water molecules are strongly adsorbed predominantly onto the (100) plane of all the alkaline earth fluoride samples studied, but in different amounts depending on the sample employed. Figure 2 shows the IR spectra for BaF 2 samples pretreated at different temperatures. The intensities of the characteristic absorption bands due to strongly adsorbed water molecules on the BaF 2 (100) plane diminished with increasing pretreatment temperature and eventually vanished after evacuation over the temperature range 373-473 K. However, bands which could be assigned to −OH species formed at some defect sites survived even after evacuation at 473 K but finally disappeared on evacuation at 773 K. Similar tendencies have been observed previously for CaF 2 and SrF 2 samples Kuroda et al. 1988 Kuroda et al. , 1993 Kuroda and Morimoto 1988) . It is more than likely that water molecules strongly adsorbed onto the (100) surface of alkaline earth fluorides are almost totally desorbed by evacuating the sample at 473 K. After rehydration of the sample heat-treated at 423 K or 473 K by exposure to saturated water vapour at 300 K, the original patterns of these characteristic bands were restored although at weaker intensities compared to the original sample. However, evacuation at 873 K drastically changed the state of the surface and as a consequence the amount of rehydration was limited. The rehydration processes on both samples heat-treated at 423 K and 873 K were examined by infrared spectroscopy. The resulting spectra are depicted in Figure 3 . Figure 4 shows the water content of the MF 2 samples plotted against the pretreatment temperature. In this figure, the water content represents the amount of strongly adsorbed water remaining on the surface after heat treatment at a given temperature. The water contents at 298 K for all MF 2 samples (CaF 2 , 12.0; SrF 2 , 10.6; BaF 2 , 8.2 H 2 O molecules/nm 2 ) were larger than those for usual metal oxides (ca. 3-4.5 H 2 O molecules/nm 2 ) (Morimoto et al. 1968 (Morimoto et al. , 1969 . This indicates that the surfaces of the alkaline earth fluoride samples were fully covered with molecular water as well as with some amounts of surface hydroxy groups, which is fully consistent with the IR data discussed above. Such a surface state is obviously different from those of some metal oxides on which two-dimensional condensation occurs (Nagao 1971; Kittaka et al. 1981) . Taking account of both the IR data presented in Figure 2 and our previous data Kuroda et al. 1988) , it is suggested that the amount of water molecules adsorbed on the (100) fluoride sample corresponds roughly to the difference in the water content determined at 373 K and 473 K, i.e. 2.5 H 2 O molecules/nm 2 for CaF 2 , 4.6 H 2 O molecules/nm 2 for SrF 2 and 4.3 H 2 O molecules/nm 2 for BaF 2 , respectively. The amounts of strongly adsorbed water molecules on the same (100) plane of MF 2 , which can be estimated on the basis of their crystal structures, have been evaluated as 6.7 H 2 O molecules/nm 2 , 6.0 H 2 O molecules/nm 2 and 5.2 H 2 O molecules/nm 2 for CaF 2 , SrF 2 and BaF 2 , respectively (Cheetham et al. 1971; Forsyth et al. 1989; Radtke and Brown 1974) . Similar orders of magnitude for the amount of adsorbed water molecules were observed for both the experimental data and the calculated data, although the difference between them was appreciably larger for the CaF 2 sample. Figure 5 shows the adsorption isotherms of water for MF 2 samples pretreated at 298 K and 873 K, respectively (Kuroda et al. , 1990 1 . Generally, if the energy of a surface is heterogeneous, the resulting adsorption isotherm will be one with an initial knee, i.e. a type II isotherm on the BDDT classification (Brunauer et al. 1940 ). On the other hand, if the surface is homogeneous energetically, an adsorption isotherm exhibiting a distinct step but without an initial knee over a certain pressure region is obtained. Every adsorption isotherm of water for MF 2 samples evacuated . IR spectra of the BaF 2 sample pretreated at various temperatures: spectrum 1, 300 K; spectrum 2, 373 K; spectrum 3, 423 K; spectrum 4, 473 K; and spectrum 5, 773 K, respectively. 1 All the isotherms obtained were completely reversible, with the desorption branch superposing the adsorption branch. In addition, the TEM data for the sample used in the experiment indicated the presence of substantially regular cubic crystals. The latter data support the reversible nature of the isotherms. at 298 K exhibited a steep rise (or step) over the equilibrium pressure region of 30-50 Pa, similar to previously reported results Kuroda et al. 1993; Kuroda and Morimoto 1988) . The appearance of such a step has been ascribed to the two-dimensional condensation of water molecules onto the homogeneous surface. For these MF 2 samples, it had been found that a fully hydrated (100) plane acts as the homogeneous surface for the physisorption of water molecules Kuroda and Morimoto 1988) . The height of the step, which corresponds to the amount of water molecules adsorbed on the (100) plane, can be obtained by separating the adsorption isotherms into two parts, i.e. the adsorption of water onto the heterogeneous and homogeneous parts of the surface, respectively Kuroda and Morimoto 1988) .
RESULTS AND DISCUSSION
The extent of the (100) surface covered with molecular water in CaF 2 was relatively small, in contrast to the SrF 2 and BaF 2 samples which possessed well-developed (100) surfaces covered with molecular water. This is consistent with both the variation in the intensities of the characteristic IR bands observed at 3684, 2561, 1947 and 1000 cm −1 and the difference between the observed and calculated amounts of water desorbed in the 373-473 K temperature region. Hence, twodimensional water condensation obviously occurs on the (100) surface of MF 2 when the latter is covered with molecular water. The most striking feature is that the isotherm step becomes ill-defined after evacuating the sample at 873 K. Indeed, for the CaF 2 sample in particular, it was difficult to find a step in the water adsorption isotherm either before or after rehydration.
To clarify the rehydration process of the MF 2 surface, the heats of immersion into water were measured for samples pretreated at various temperatures. The results obtained are depicted in Figure 6 . It will be noted that, for all the samples, the heat of immersion increased with increasing pretreatment temperature up to 473 K, attained a maximum value of ca. 500 mJ/m 2 and then decreased with evacuation temperature (Zettlemoyer et al. 1958; Kuroda et al. 1985) . As can be seen from the figure, the heat of immersion in water increased in the order CaF 2 < SrF 2 < BaF 2 for samples pretreated at 300 K whose surfaces were covered with strongly adsorbed water. This increasing order appears to be the same as that of the strength of interaction between the alkaline earth fluoride surface and water molecules. Taking account of the IR data ( Figure 2) which demonstrate that the adsorbed water molecules on the (100) plane of MF 2 are desorbed by evacuation at temperatures up to 473 K, the corresponding increase in the values of the heat of immersion may be well explained in terms of rehydration of the MF 2 (100) plane as well as the effect of the electric field strength. These values are of a similar magnitude to those found for metal oxides (Zettlemoyer et al. 1966 (Zettlemoyer et al. , 1972 Morimoto et al. 1964 Morimoto et al. , 1969 Young and Bursh 1960; Wade and Hackerman 1961) . The decrease of the heats of immersion with increasing pretreatment temperature above 473 K can be ascribed to the lower extent of rehydration arising from surface stabilization by heat treatment at higher temperatures (cf. Figure 3) . Figure 7 shows the adsorption isotherms of Ar before and after water adsorption on MF 2 samples pretreated at 298, 423, 773 and 873 K, respectively (Kuroda et al. , 1990 . Each sample exhibits an adsorption isotherm which shows a steep rise to give a step, indicating the twodimensional condensation of Ar on the homogeneous (100) surface (Ross 1971; Thorny et al. 1981; Edelhoch and Taylor 1954; Davis 1969) . The equilibrium pressures for the appearance of such a step differ from sample to sample, i.e. 1.5 kPa for CaF 2 , 1.0 kPa for SrF 2 and 0.40 kPa for BaF 2 . The isotherms (open symbols) were also measured at 77 K for the respective samples which had been exposed to saturated water vapour at 298 K and subsequently re-evacuated at 298 K. The extent and shape of the step is more obvious for samples pretreated at 873 K; increasing evacuation temperature enhanced the homogeneity of the surface. Although argon is a non-polar substance, the electrostatic field of an alkaline earth fluoride may induce it to exhibit a polar nature and hence it can be adsorbed onto the solid surface (Benson and Claxton 1963; Marcovitch and Kozirovski 1975; Schmidt et al. 1984) . From these considerations, it follows that the lower the equilibrium pressure of argon at which the step is observed the greater strength of the electrostatic field of the alkaline earth fluoride surface; in fact, the electrostatic field strength increases in the order CaF 2 < SrF 2 < BaF 2 . This order is the same as that of the heats of immersion shown in Figure 5 . Thus, we can conclude that the electrostatic field of the alkaline earth fluoride surface plays an important role in the adsorption of water molecules onto the (100) plane.
The order of the field strength (BaF 2 > SrF 2 > CaF 2 ) is same that of the lattice constants (Cheetham et al. 1971; Forsyth et al. 1989; Radtke and Brown 1974) . This coincidence may be well explained by considering the degree of proximity of the M 2+ ion and Ar; easier access of Ar to M 2+ is possible when the lattice constants of MF 2 are larger, irrespective of the charge density for Ba 2+ being the smallest among the ions considered. A schematic view of this arrangement is depicted in Scheme 1. Fluoride ions are removed at every other position when account is taken of 434 T. Mori et al./Adsorption Science & Technology Vol. 23 No. 6 2005 Ar/CaF 2 Ar/SrF 2 Ar/BaF 2 5.46295 Å 5.7996 Å 6.2001 Å Scheme 1. Schematic representation of the state of Ar adsorbed onto the ideal MF 2 (100) surface, with Ar depicted in red, the respective cations in green and the fluoride ions in pale blue.
the charge compensation of the fluoride ions on the (100) surface. The ionic radii of the respective ions and the van der Waals radius of Ar used in this scheme were taken from values reported by Shannon and Bondi, respectively (Shannon 1976; Bondi 1964) . It is clearly seen that Ar species can be readily placed in the hole formed on the surface and are thereby brought closely to the barium ions without experiencing any steric repulsion from the surrounding fluoride ions. At a given temperature, the shape of the isotherm for Ar on the surface after rehydration differs slightly from that measured immediately after evacuation. This difference may be ascribed to the effect of adsorbed water; when covered with water, the surface acts in a heterogeneous manner towards Ar adsorption. In any event, it is evident that both the equilibrium pressure where two-dimensional condensation of water occurs and the value of the heat of immersion are related to the strength of the electrostatic field caused either by the naked fluorite-type surface or by the surface when covered with strongly adsorbed water molecules.
